Abstract-Junction temperature is an important design/ operation parameter, as well as, a significant indicator of device's health condition for power electronics converters. Compared to its silicon (Si) counterparts, it is more critical for silicon carbide (SiC) devices due to the reliability concern introduced by the immaturity of new material and packaging. This paper proposes a practical implementation using an intelligent gate drive for online junction temperature monitoring of SiC devices based on turn-OFF delay time as the thermo-sensitive electrical parameter. First, the sensitivity of turn-OFF delay time on the junction temperature for fast switching SiC devices is analyzed. A gate impedance regulation assist circuit is proposed to enhance the sensitivity by a factor of 60 and approach 736 ps/°C tested in the case study with little penalty on the power conversion performance. Next, an online monitoring unit based on gate assist circuits is developed to monitor the turn-OFF delay time in real time with the resolution less than 104 ps. As a result, the micro-controller is capable of "reading" junction temperature during the converter operation. Finally, a SiC-based half-bridge inverter is constructed with an intelligent gate drive consisting of the gate impedance regulation circuit and online turn-OFF delay time monitoring unit. Experimental results demonstrate the feasibility and accuracy of the proposed approach.
condition. Measurement techniques for junction temperature, especially real-time monitoring during the converter operation, are of importance for optimal operation, high reliability, and extended lifetime of power conversion systems [1] , [2] . Electro-thermal model based junction temperature estimation is a practical solution [3] . However, considering the degradation of power semiconductors, packaging, and thermal interface, the electro-thermal model parameters vary over the lifetime of the device. In the end, the aging effect deteriorates the accuracy of this method and may cause non-negligible error of the assessment. An adaptive technique to frequently update the thermal model was proposed to overcome the error caused by thermal aging effect [4] . To ensure the accuracy, in addition to the electro-thermal model based junction temperature estimation, an alternative is needed as the reference (e.g., using threshold voltage as the thermo-sensitive electrical parameter (TSEP) for junction temperature measurement in [4] ). This may make the implementation complex.
The other extensively investigated approach is the sensorbased junction temperature measurement/estimate, including optical, physical contact, and electrical methods [5] [6] [7] [8] . Among them, the use of TSEP is a promising way to carry out fast measurements on packaged devices. References [7] , [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] summarize the TSEPs that can be potentially employed for online temperature measurement, primarily including short-circuit current, ON-state resistance/voltage, saturation current, switching time, dynamic gate current or gate charge, and internal gate resistance of the power device. Each TSEP has advantages and disadvantages in terms of sensitivity, linearity, ruggedness, and generality, which have been summarized and reported in [10] and will not be repeated here. However, most of the studies focus on traditional Si insulated-gate bipolar transistors (IGBTs) with limited work targeting fast SiC devices [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . Moreover, only a few of them have actually been adopted due to the lack of practical and cost-effective implementations even for traditional Si IGBTs [11] .
SiC devices, with low specific ON-state resistance, fast switching speed, and the resultant high noise environment due to high di/dt and dv/dt, further challenge the implementation realization and measurement accuracy of TSEPs, especially for TSEPs based on device conduction characteristics (e.g., ON-state resistance/voltage) or switching performance (e.g., switching time, dynamic gate current). For instance, in [21] , using the peak gate current detection or gate charge measurement during the 0885-8993 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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switching transient, a SiC-based real-time junction temperature sensing was proposed and analyzed with different gate drive topologies. The proposed sensing method was implemented on the gate drive without affecting the converter power circuitry. However, fast switching SiC devices pose stringent requirement of the detection circuit with high bandwidth and noise immunity capability. As a result, it was reported that the accuracy of the solution is limited with >10°C sensing tolerance. Also, the proposed approach is sensitive to operating conditions and gate drive parasitics, leading to complex calibration and implementation.
Reference [7] presented a technique for the estimation of the junction temperature of SiC MOSFETs through ON-state voltage mapping. It can achieve the calibration between TSEP and junction temperature during the converter commissioning without the need of dedicated equipment. Also, the temperature detection does not affect the converter operation. However, the proposed circuit has limited accuracy at light load, and it becomes problematic under high switching frequency operation (>100 kHz in [7] ) due to the limited device conduction time for the ON-state voltage measurement. Also, a dedicated voltage clamping circuit and A/D unit are needed.
This paper aims at developing an accurate and cost-effective technique that has no limitation of high switching frequency for online junction temperature monitoring suitable for SiC-based power converters. Turn-OFF delay time is selected as the TSEP due to its excellent linearity, no impact on converter normal operation, and wide applicability to multiple types of active devices [10] . First, sensitivity of turn-OFF delay time with respect to the junction temperature and other impact parameters (e.g., gate drive, operating voltage/current) is analyzed. Second, a practical method of improving sensitivity for fast switching SiC devices is proposed. Third, an online monitoring system is introduced to acquire turn-OFF delay time in real time with high precision. Then, the overall online junction temperature monitoring system is presented. Finally, a SiC-based testing platform with the intelligent gate drive is constructed for experimental verification of the feasibility and effectiveness of the proposed approach.
II. SENSITIVITY ANALYSIS OF TURN-OFF DELAY TIME
AS TSEP FOR SiC DEVICES Turn-OFF delay time is defined as the interval between the moment when the gate-source voltage starts to decrease and the moment when the drain-source voltage begins to increase, as shown in Fig. 1 . Also note that the moment when the drainsource voltage begins to rise (i.e., the end of turn-OFF delay duration) corresponds to the moment when the gate-source voltage approaches the Miller voltage V M iller , which is a function of threshold voltage V th , transconductance g f s , and load current I L , as expressed in the following [22] :
According to (1) , it can be observed that the relationship between Miller voltage V M iller and load current I L can be established based on the device's transfer characteristics. Also, with the given device, threshold voltage V th and transconductance g fs are junction temperature dependent. Thus, Miller voltage changes as junction temperature varies, which is evidenced by a typical transfer characteristic, such as for a 1200-V/24-A SiC MOSFET as shown in Fig. 2 .
Hence, the turn-OFF delay time is temperature dependent. Also note that the operating current affects the Miller voltage, and then turn-OFF delay time.
In addition to the junction temperature and operating current, turn-OFF delay time varies with gate drive implementation. Since the switching commutation in the power loop (i.e., drain current and drain-source voltage) has not been started during the turn-OFF delay interval, turn-OFF delay time is merely dependent upon gate loop parameters. In total, the turn-OFF delay time t d off can be expressed as a function of gate drive, operating current I L , and junction temperature T j as in the following [23] :
where R g (tot) is the total gate loop resistance, including external gate resistance R g (ext) , internal gate resistance of the device, and pull up/down resistance of the gate drive IC; C iss is the device input capacitance; V M iller is the Miller voltage; and V C C is the turn-ON gate voltage of the device. Note that the turn-OFF delay time is not a function of the dcbus voltage since the drain-source voltage across the device stays low during the turn-OFF delay interval. Fig. 3 shows the turn-OFF delay time t d off dependence on junction temperature T j under different operating voltages V DC based on the test results with a 1200-V/24-A SiC MOSFET. It shows that the difference of the measured turn-OFF delay times under different dc-bus voltages is always less than 0.4 ns, of which this discrepancy is due to the limited sampling rate of the oscilloscope (2.5 GS/s in this case, i.e., 0.4 ns sensing tolerance) and randomly comes into play. Although this measurement tolerance would introduce error with respect to the relationship between turn-OFF delay time and junction temperature especially for the low sensitivity scenario, its influence becomes slight as the sensitivity of the turn-OFF delay time on the junction temperature increases, which will be the focus in Section III. Accordingly, regardless of the dc-bus voltage, with a given gate drive design together with the measured operating current, the relationship between turn-OFF delay time and junction temperature can be fixed. Fig. 4 shows the turn-OFF delay time t d off dependence on junction temperature T j under different operating currents I L . It shows that the sensitivity is small (tens of ps/°C). This is mainly due to the reduced input capacitance of SiC devices as compared to their Si counterparts together with the small external gate resistance utilized in practical circuits to achieve high-speed switching (external gate resistance R g (ext) of 0 Ω is employed in this case study). As indicated in (1), gate loop resistance and device input capacitance determine how sensitive Consequently, to achieve the online junction temperature monitoring using the turn-OFF delay time with sufficient accuracy, either the sensitivity of turn-OFF delay time with respect to junction temperature should be enhanced or the resolution of turn-OFF delay time measurement should be high enough, or both should be improved simultaneously.
III. SENSITIVITY IMPROVEMENT USING GATE ASSIST CIRCUIT
The sensitivity of turn-OFF delay time on junction temperature can be improved by increasing external gate resistance or equivalent input capacitance. Due to the lower slew rate of gate-source voltage, the difference of the turn-OFF delay time becomes larger for different Miller voltages (i.e., different junction temperatures). Similar approach was utilized in [4] to improve the sensitivity of another TSEP (threshold voltage) on the junction temperature measurement. As shown in Fig. 5 , the test results show that as the external gate resistance R g (ext) increases from 0 to 150/300 Ω, the corresponding sensitivity increases by a factor of about 30-60. Furthermore, sufficiently large gate resistance and/or input capacitance enable turn-OFF delay time to be almost independent of the specific gate drive and layout design. In other words, turn-OFF delay time is hardly affected by gate loop parasitics and gate drive capability (e.g., sink/source current, fall/rise time of gate drive output voltage, and pull-up/down resistance of gate drive output buffer) [24] . For example, an additional gate resistance of 150 Ω would dominate the total gate loop impedance for a SiC-based gate drive with the reasonable design considering <1 Ω pull up/down resistance of gate drive output buffer and ∼20 nH gate inductance (13 Ω equivalent impedance @ 100 MHz). Also, the required sink/source current of gate drive output buffer with 150 Ω external gate resistance is hundreds of milliamps, which is far below several amps, a normal SiC-based gate driving current capability. Additionally, considering external gate resistance of 150 Ω and device input capacitance in a range of nano-farad, the gate loop RC time constant is hundreds of nano-seconds, which are also magnitudes longer than the common fall/rise time of gate drive output voltage with a few nano-seconds.
The penalty induced by the sensitivity improvement is the increased switching time and losses. Moreover, compared with adding an external gate resistor, an additional capacitor paralleled with the device's input capacitance induces additional gate driving loss as well. Thus, to mitigate the aforementioned penalty, a gate assist circuit is designed to actively tune the external gate resistance, enabling a relatively large gate resistance during the turn-OFF transient when online junction temperature monitoring is needed; otherwise, the gate resistance returns to a normal, smaller value. Practically, considering the thermal capacitance of the cooling system and its resultant time constant in the range of 1 s [4] , it is not necessary to continuously update junction temperature per fundamental cycle. In the meantime, the junction temperature measurement would be completed within several switching cycles (see details in Section IV). Overall, the adverse effect of the large gate resistance on fast switching and low loss SiC devices is limited. Fig. 6 shows the proposed gate impedance assist circuit. Compared with the conventional gate drive (S 1 H and S 2 H or S 1 L and S 2 L ), for each device, one auxiliary transistor (T aux H or T aux L ), one auxiliary gate resistor (R aux H or R aux L ), and several logic gates are added. Due to the large auxiliary gate resistance, a small, low-current rating auxiliary transistor is sufficient. The operation principle is introduced as follows: When auxiliary signal s t aux H /s t aux L outputs are low, the gate drive operates as normal; once the auxiliary signal becomes high (i.e., junction temperature measurement is activated), low side buffer transistor S 2 is held OFF, the auxiliary transistor T aux turns ON, and the auxiliary gate resistor R aux is in series with the rest of the turn-OFF gate loop impedance. Then, the sensitivity of turn-OFF delay time in relation to junction temperature is improved.
It is important to note that this auxiliary gate assist circuit is not mandatory. For the case study in this paper, a 1200-V/24-A SiC MOSFET is applied where its input capacitance is less than 1 nF, which is the main reason for the poor sensitivity. For high current SiC power modules, the input capacitance becomes larger, as a result, the sensitivity may already be sufficient. 
IV. HIGH PRECISION TURN-OFF DELAY TIME MEASUREMENT
To achieve online junction temperature monitoring, accurate turn-OFF delay time measurement is critical. Fig. 7 shows a high precision online monitoring unit for the turn-OFF delay time. It mainly consists of three gate assist units, including turn-OFF gate voltage falling edge (GVFE) detector, drain-source voltage falling edge (DVFE) detector, and edge capture detector. Operation principle of the online turn-OFF delay time monitoring is described below based on an example shown in Fig. 8 .
Connected with the gate drive output, the GVFE unit is able to detect the moment when the gate drive output starts to fall, and simultaneously output a logic level signal v GVFE to indicate this event. Similarly, the DVFE detector connects with the drainsource terminals of the device to monitor the moment when the drain-source voltage starts to drop, in the meantime, to reflect this change via the output signal v DVFE . For example, assume I L flows into the middle point of the phase leg in Fig. 7, i. e., the lower switch is the active switch while the upper switch is the synchronous one. As shown in Fig. 8 Note that initially it will spend more switching cycles to capture the edge of the logic signals and obtain the t d off . Afterward, this process can be significantly shorter based on the historical data.
Based on the circuit symmetry, the operation principle for the case where I L flows out of the middle point of the phase leg is similar to that when I L flows into the middle point of the phase leg. Also, note that the proposed online monitoring system considers the propagation delay of the signal isolator and gate drive IC (i.e., t pd1 and t pd2 in Figs. 7 and 8) , which is of importance to fast switching SiC devices, since this propagation delay may be even longer than t d off . Fig. 9 experimentally shows the dynamic process when auxiliary signals s L aux and s H aux approach and capture the desired edge of gate-source voltage and drain-source voltage. Controlled by the micro-controller (TMS320F28335 is used in this study) at each switching cycle, the lower auxiliary signal s L aux starts from the initial position 1 to gradually move towards the falling edge of the signal generated by GVFE detector, which indicates the turn-OFF moment of the lower gate drive output (i.e., the initial moment when the gate-source voltage of the lower switch starts to drop) in logic level, with a relatively low resolution (e.g., 8 ns per step in this case study). Once s L aux exceeds the falling edge of the gate drive output (i.e., gate-source voltage), the edge capture detector will be activated and communicate with the micro-controller to tune s L aux in the opposite direction with a more precise resolution (e.g., 0.83 ns per step in this case study). Finally, the falling edge of gate-source voltage will be accurately captured by s L aux after several switching cycles with an error less than 1 ns. Afterward, starting from position 2, the upper auxiliary logic signal s H aux continues to capture the edge of the logic signal synthesized by DVFE detector, that is the moment when v ds H starts to fall (i.e., v ds L starts to rise) via micro-controller regulation with the aid of edge capture detector. Similar to s L aux , after several switching cycles, s H aux arrives at position 3. The time difference between positions 2 and 3 in Fig. 9 is recorded by the micro-controller, and that is the turn-OFF delay time t d off . Therefore, the micro-controller has the capability of "reading" t d off in real time. In this case study, the high resolution PWM function of TMS320F28335 was adopted to achieve 0.83 ns capture step. Also, note that 0.104 ns capture resolution can be achieved if the capability of the high resolution PWM function of TMS320F28335 is fully utilized [25] .
Additionally, the influence of these gate assist units on the switching loss is negligible since they only consist of several passive components (e.g., chip resistors, capacitors, and diodes) and logic gates at signal level with limited parasitics introduced in the main switching loop. Also, in the actual implementation, a dedicated assist board with GVFE, DVFE, and edge capture detector is built and mounted on the top of the main gate drive board (see Fig. 12(b) in Section VI). Thus, the layout of gate drive circuit is not affected as well. Fig. 10 shows the block diagram of the overall online junction temperature monitoring system, including a calibration curve programmed in the micro-controller, gate impedance regulation (GIR) assist circuit for sensitivity improvement as necessary, online turn-OFF delay time measurement with gate assist circuits, and load current transducer. Note that a load current transducer usually exists in the power converter for control purposes and can be leveraged for online junction temperature monitoring.
V. ONLINE JUNCTION TEMPERATURE MONITORING SYSTEM
First, the thermo-electrical calibration is conducted to establish the relationship between device junction temperature and turn-OFF delay time before continuous operation of the power converter. This calibration curve can be obtained offline based on a dedicated setup where the junction temperature of the device can be accurately regulated and monitored. However, considering the parameter mismatch among devices, especially for emerging SiC devices, to carry out separate calibration for each device would be time consuming and impractical.
To cope with this issue, the alternative is to calibrate the thermo-electrical relationship with the converter during commissioning with the aid of the existing TSEP measurement (e.g., online turn-OFF delay time monitoring). The basic procedure includes the following. 1) Junction temperature regulation. It can be implemented by introducing a heat source (e.g., resistor heater) mounted on the cooling system or utilizing the device itself to purposefully generate loss and heat up the device and cooling system (e.g., heatsink). Note that the cooling system at the moment is disabled and only provides thermal mass to maintain a constant temperature during the following calibration. 2) Junction temperature sensing. Negative temperature coefficient (NTC) thermistor sensor embedded in the power module can be utilized to measure the junction temperature of the device. It was verified that for the thermo-electrical calibration, the NTC sensor gives accurate results of the junction temperature regardless of the placement of the NTC sensor within the power module [7] . 3) Online turn-OFF delay time measurement. In this case, the converter is controlled to operate in the double pulse test mode so that the turn-OFF delay time can be monitored under different operating currents; in the meantime, self-heating of the device with two pulses can be neglected [26] . Fig. 11 shows an example based on three-phase inverter-fed motor drive system. In the end, the relationship between turn-OFF delay time and junction temperature under different load currents can be obtained for each device of the converter. Even better, during the maintenance phase, the relationship can be re-calibrated based on the converter without any additional equipment. Thus, the aging effect of the device can also be considered.
When the converter starts to operate, load current is measured in real time as the input of the calibration curve. Also, its polarity indicates the current direction, which is used to determine active and synchronous switches in a phase-leg configuration. When the online junction temperature measurement is activated, GIR assist circuit is enabled. The micro-controller starts to moni- tor the turn-OFF delay time by tuning the auxiliary signals to capture the edges of logic signals generated by the operating switch's GVFE detector and synchronous switch's DVFE detector. Based on the online measured load current and turn-OFF delay time, together with the pre-programmed calibration curve, the junction temperature of both upper and lower switches in a phase leg can be determined in real time.
VI. EXPERIMENTAL VERIFICATION
Two testing setups with 1200-V/24-A SiC MOSFETs in the phase-leg configuration have been established, as shown in Fig. 12 : One with hot plate for thermo-electrical calibration, the other with heat sink for converter operation and online junction temperature monitoring. As discussed above, the thermoelectrical calibration can be achieved with a converter; thus, the first setup with hot plate for the calibration is optional. In this case study, the first setup is utilized to confirm the accuracy of the junction temperature control and sensing. To ensure the measured temperature by thermocouple is close to the actual junction temperature for the thermo-electrical calibration, as shown in Fig. 12(a) , an aluminum block was used as the thermal interface between the hot plate and the device. The device was attached to the top of the aluminum block with the temperature sensor in close proximity. Therefore, stable temperature with accurate measurement could be confirmed.
A. Thermo-Electrical Calibration
Based on the thermo-electrical calibration platform in Fig. 12(a) , the relationship between turn-OFF delay time and junction temperature is obtained under different load currents. Fig. 13 shows the calibration curve of the lower switch in the phase leg. In this case study, the GIR assist circuit is employed. Due to the large gate resistance during the online junction temperature measurement, the sensitivity improves from tens of ps/°C to hundreds of ps/°C (see Fig. 4 vs. Fig. 13) .
Additionally, two sets of data are shown in Fig. 13 : One comes from the micro-controller (i.e., DSP in this case study) based on the online turn-OFF delay time monitoring (solid line); the other is based on the oscilloscope capture (dashed line), which is considered as the benchmark. It shows in Fig. 13 that the results obtained by the proposed turn-OFF delay time measurement are almost identical to the results directly read from the oscilloscope. Fig. 14 shows the calibration curve of the upper switch in the phase leg. It can be observed that the coefficients of the calibration curve for the upper switch in Fig. 14 are different than that of the lower switch in Fig. 13 , which indicate the mismatch between lower and upper SiC devices. Also, it shows the necessity of a separate calibration per device. Note that the relationship between turn-OFF delay time and junction temperature is independent of dc-bus voltage since the drain-source voltage across the device stays low during the entire turn-OFF delay interval as evidenced theoretically by (1) and experimentally in Fig. 3 . Accordingly, the calibration curves in Figs. 13 and 14 are sufficient for the online junction temperature monitoring afterward.
B. Online Monitoring During Converter Operation
Based on the schematic in Fig. 15 , a half-bridge inverter with SiC devices is built for experimental verification of the proposed online junction temperature monitoring system with the hardware setup shown in Fig. 12(b) .
Figs. 16 and 17 show the waveform of the half-bridge inverter, including gate-source voltage of the lower switch v gs L , drainsource voltage of the lower switch v ds L , load current I L , and auxiliary capture signal s L aux . In this case study, during each fundamental cycle, the online junction temperature monitoring is activated, enabling the GIR assist circuit and generating the auxiliary capture signal for turn-OFF delay time monitoring of both lower and upper switches in the phase-leg configuration. Note that in practice, it is not necessary to update junction temperature for each fundamental cycle. Thus, the adverse effect of the GIR assist circuit on the converter performance is negligible.
The monitored t d off data is processed in the micro-controller and internally compared to the calibration curve to produce the junction temperature of each device. Referring to the calibration curves of Figs. 13 and 14 based on I L = 22.5 A at the time of the acquisition, the corresponding low side and high side device junction temperatures are 121 and 115°C, respectively. Based on converter operation and thermal layout with heat sink, this temperature data are sufficient in indicating the internal device temperature.
C. Discussion 1) Measurement Accuracy: As shown in Fig. 13 , if a GIR assist circuit with gate resistance of 150 Ω is employed, the sensitivity of the turn-OFF delay time on the junction temperature is improved to be >0.28 ns/°C. Meanwhile, considering achievable 0.104 ns capture resolution using the high resolution PWM function of TMS320F28335 [25] , the measurement error of the proposed system is less than 0.5°C. Practically, due to the propagation delay distortion/mismatch and jitter of the electronic integrated circuits (e.g., signal isolator and gate drive IC), their resultant uncertainty would adversely affect the minimum achievable capture resolution of the online turn-OFF delay monitoring. According to the test results, 0.5 ns uncertainty with respect to the turn-OFF delay sensing could be introduced, leading to increased junction temperature measurement error in the range of 2-3°C. Note that this error can be further reduced with the sensitivity improvement via introducing larger gate resistance of the GIR assist circuit. For example, as can be observed in Fig. 5 , GIR assist circuit with 300 Ω gate resistance is able to double the sensitivity as compared to that with 150 Ω gate resistance, as a result, the measurement error reduces by a factor of two (i.e., error in the range 1-1.5°C).
2) Implementation: According to the block diagram of online junction temperature monitoring shown in Fig. 10 , the extra implementation hardware primarily consists of four gate assist circuits, specifically including GIR assist circuit for sensitivity improvement, and GVFE, DVFE, and edge capture detectors for turn-OFF delay time measurement. The auxiliary circuits only need low voltage, small current transistors, and logic gates. As shown in Fig. 12(b) , the extra circuits have been integrated with the conventional gate drive at the board level with a small footprint. Furthermore, these components can be easily embedded into the gate drive IC, enabling this approach to be less complex and cost effective for end users.
3) Applicability to Different Converter Structures, Operations, and Device Types: Although the experimental verification is carried out in a dc/ac converter, the proposed approach can be extended to ac/dc and dc/dc converters where the power devices are operated in hard-switching PWM mode. Additionally, this approach measures the junction temperature based on the information during the switching transient, which is suitable for the converter operating at high switching frequency as compared to the SiC-based solution proposed in [7] . Also, this approach is not limited to SiC devices, but can be leveraged to traditional Si IGBTs and even GaN HEMTs if the Miller voltage (i.e., turn-OFF delay time) of these devices is sufficiently sensitive to the junction temperature.
4) Limitations and Further Improvement:
Using turn-OFF delay time as the TSEP is only valid for the operating switch in a hard-switching converter while for the synchronous switch without the hard-switching commutation, the junction temperature cannot be measured based on the proposed approach. This is usually not a limitation for most of the dc/ac and ac/dc converters where the active and synchronous switches will be shifted per half of the fundamental cycle as the ac load current direction changes. Therefore, all the switches have the chance to operate as the active switches and their junction temperatures can be monitored. However, for the unidirectional dc/dc converter where there is always a switch operating as the synchronous switch, the junction temperature of that specific switch cannot be measured.
In addition to the turn-OFF delay time, the accuracy of the proposed junction temperature measurement is also a function of the transient load current during the turn OFF. Therefore, it is critical to consider the switching frequency related ripple current rather than the average load current per switching cycle measured by the current transducer. If the SiC-based converter operates at high switching frequency with relatively small ripple current, and the difference between the transient load current and its mean value is slight, then it may be acceptable to rely on the measured load current for the online junction temperature monitoring with reasonable accuracy. Otherwise, a dedicated compensation scheme with the ripple current estimation, such as the model-based current ripple prediction [27] , should be adopted. Another alternative is to use the turn-ON delay time as the TSEP, which allows the junction temperature to be load current independent [10] .
Finally, the aging of the device and its influence on the calibration curve could affect the accuracy of the proposed approach. In fact, this is a limitation for all TSEP-based junction temperature measurements. One potential solution is to update the calibration curve during the converter maintenance phase. As discussed in Section V, the thermo-electrical calibration of the proposed solution can be carried out purely based on the converter without dedicated equipment. Thus, it is practically convenient to re-calibrate the thermo-electrical relationship. Then the aging effect of the device can be taken into account.
VII. CONCLUSION
This paper proposes a practical implementation of SiC-based real-time junction temperature estimation using an intelligent gate drive for online turn-OFF delay time monitoring. Test results show that with the proposed GIR assist circuit, the sensitivity of the turn-OFF delay time on junction temperature increases from tens to hundreds of ps/°C with little penalty of the power conversion performance. Also, the online monitoring system consisting of three gate assist units for capturing and recording critical moments during the turn-OFF transient allows the microcontroller to determine the turn-OFF delay time with a resolution within hundreds of ps. In the end, the proposed approach is capable of online monitoring junction temperature with satisfactory accuracy. Furthermore, the proposed gate assist circuits for sensitivity improvement and high precision turn-OFF delay time measurement are all transistor based, offering a suitable option for chip level integration and enabling this approach to be less complex and cost effective for end users. His main areas of research interest are wide bandgap semiconductors, advanced gate drivers, and intelligent sensing and control of power electronic converters.
